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ABSTRACT 

We have detected weak soft X-ray emission from the pulsar wind nebula trailing the high-velocity star PSR 
2224+65 (the “Guitar Nebula”). This X-ray flux gives evidence of y ~ 10 7 eV particles in the pulsar wind and 
constrains the properties of the postshock flow. The X-ray emission is most easily understood if the shocked 
pulsar wind is partly confined in the nebula and if magnetic fields in this zone can grow to near-equipartition 
values. 

Subject headings : ISM: jets and outflows — pulsars: individual (PSR 2224+65) — X-rays: ISM 






L. INTRODUCTION 

Identifying the spin-down products of rotation-powered 
pulsars is a long-standing problem in astrophysics. Recent 
observations of high-energy emission from young pulsars (e.g., 
Fierro 1996) and improvement in emission models (e.g., 
Romani 1996) show that up to a few Xl0% of the spin-down 
power can be ascribed to observed photons. In most cases, the 
remaining power in particles and unobserved radiation still 
need to be identified. The wind of energetic particles and fields 
emitted from spin-powered pulsars is most easily observed 
when it is confined. Such postshock, or “plerionic,” emission 
has long been associated with sources such as the Crab and 
Vela pulsars and with similar filled-center remnants such as 3C 
58, presumably containing young pulsars. 

The discovery of bow shock nebulae around a number of 
pulsars has provided a further opportunity to study pulsar 
winds. These nebulae generally occur when the pulsar is either 
long lived, with a low magnetic field B and a short spin period, 
or when it has a large space velocity; these properties allow 
escape from the parent supernova remnant of the pulsar while 
it retains substantial spin-down power. The pulsar wind then 
shocks against the ambient interstellar medium (ISM). These 
objects are most prominent as Ha nebulae, first discovered 
around the millisecond pulsar PSR 1957+20 (Kulkarni & 
Hester 1988; see also Aldcroft, Romani, & Cordes 1992). A 
similar bow shock is seen around the 5 ms pulsar PSR 
J0437— 4715 (Bell, Bailes, & Bessel 1993), and Cordes, Ro- 
mani, & Lundgren (1993, hereafter CRL) have detected an 
Ha nebula around the high-velocity, slow-spin pulsar PSR 
2224+65. 

High-energy observations of these pulsar wind nebulae 
(PWNs) can place key constraints on the pulsar particle 
output. Models of the Crab Nebula (Kennel & Coroniti 1984), 
for example, indicate that the bulk of the spin-down power is 
carried off in an e ± wind with y ~ 10 65 . Arons & Tavani (1993) 
described the expected high-energy emission from wind shocks 
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in the PSR 1957+20 system, focusing on a wind model 
including a massive baryonic component. Using the ROSAT 
Position Sensitive Proportional Counter (PSPC) observations 
of PSR 1957+20, Kulkarni et al. (1992) were able to extract 
general constraints on the e ± content of the pulsar wind. A trail 
of soft X-ray emission behind the nearby pulsar PSR 1929+10, 
discovered in RGS/ITPSPC data by D. Helfand and described 
by Wang, Li, & Begelman (1993), is also a likely product of 
pulsar wind-ISM interaction. Finally, the interaction of pulsar 
winds with companion stellar winds can also produce a bow 
shock geometry. For example, PSR 1259—63 in an eccentric 
orbit around a Be companion provides the opportunity of 
studying the pulsar wind interactions under changing condi- 
tions (Arons & Tavani 1994). ASCA observations of nonther- 
mal X-rays (see Hirayama 1996, and references therein) have 
in particular provided important constraints on the particle 
energy and luminosity. 

We describe here ROSAT High-Resolution Imager (HRI) 
observations of the PWN trailing PSR 2224+65, the “Guitar 
Nebula.” This is followed by a description of the bow shock 
flow geometry and a discussion of the origin of the observed 
X-ray flux. The Guitar Nebula is particularly interesting 
because the pulsar itself is relatively normal, but the high 
velocity and peculiar shock geometry of the system provide 
opportunities to probe the pulsar wind interactions under 
conditions quite different than those found in other PWNs. In 
particular, the small bow shock scale allows soft X-ray con- 
straints on electron energies similar to those inferred for the 
Crab pulsar. 

2. ROSAT HRI FLUX 

We proposed ROS+ITHRI observations of PSR 2224+65 to 
detect emission in the shocked wind and ISM and to constrain 
the physics of the postshock flow. Exposures were obtained in 
seven observation intervals during 1994 July 13-25. With 
36,894 s of dead-time corrected exposure centered on PSR 
2224+65 we were able to detect coronal emission from about 
10 bright stars in the field. Cross-correlation with optical 
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where the pulsar is at the origin and position angle (j> is 
measured from the pulsar velocity. The fit determines the 
origin and the overall scale, giving an inferred Ha standoff 
angle as 0 Htt (O) = 07038 ± 07005. This corresponds to a con- 
tact discontinuity scale r 0 = 4.3 X 10 14 d Wpc /cos / cm, which with 
equation (1) gives an estimate of the pulsar distance as <4 pc = 
1.1 cos i (7 45 //Ih) ,/4 . 

Ground-based Palomar 200" images (Fig. 1) show that the 
shape of the Ha nebula downstream from the HST resolved 
apex can be described as an approximately 3" X 20" tube (the 
“neck” of the guitar) connecting to a complex bubble that 
flares gradually to a diameter of about 30" some 70" behind the 
pulsar. The waist in this bubble (the guitar “body”) may be due 
to ISM density variations. The bubble also does not appear 
fully closed at the end opposite the pulsar. With the observed 
proper motion, the pulsar traverses the Guitar Nebula in 
about 430 yr. CRL give the Ha flux of the head of the nebula 
as 1.1 x 10 3 photons cm -2 s' 1 . This line flux implies that 
neutral H atoms enter the nebula head at 1.3 X lO 41 */^ 
atoms s‘\ With the observed radius of about 175, an ISM 
neutral fraction X, and the measured pulsar proper motion, 
the nebula head should sweep up neutral H at 1.3 X 
10 4I Mj!pc/Y atoms s' 5 . Thus, the observed line flux is in good 
accord with the HST constraints on the bow shock geometry 
for n^JX ~ 1 . 

The variation in nebula cross section can be understood 
from pressure balance arguments. Behind the pulsar the 
outflowing wind drives the bow shock tail into the ISM; this 
stalls where the wind ram pressure balances the ISM static 
pressure (10 12 P a g cm“‘ s' 2 ). Well behind the pulsar the 
wind impacts at a shallow angle; a characteristic position angle 
of <f> ~ 150° gives a transverse pressure of approximately E 
sin 3 (7r - <£)/(47r0id 2 c) ~ 2 x 10 n hs{^ fT A^) 1 g cm -1 s~ 2 in a 
tube of radius 0". Thus, we expect the ram pressure- driven 
“neck” of the Guitar Nebula to stall at a width 6 ± ~ 
174(/ 45 /F. i 2 ) 1/2 A4 P c- Farther downstream it is clear that the 
shocked pulsar wind is partly confined in the body of the 
Guitar Nebula. This confinement may be aided by the in- 
creased ram pressure associated with expansion into a dense 
region toward the rear of the Guitar Nebula, delimited by the 
horizontal filament in Figure 1. Here the isotropic pressure of 
the shocked relativistic plasma P tcX — u/?> comes into play. If 
the wind emitted during the time the pulsar crosses the Guitar 
Nebula is fully confined in a tube of diameter and there is no 
cooling, then the pressure is E/(3irr^v p ). In practice, the back 
of the nebula does not appear closed, so perhaps about 0.1 of 
this pressure obtains; even with this pressure the bubble stalls 
with a characteristic radius 6 1 « 26 "(/ 45 /P We thus 

have a consistent picture of the Guitar Nebula bubble as a 
classic bow shock whose ram pressure stalls against the static 
ISM pressure behind the pulsar; the backflow in this neck 
should be mildly relativistic. Further downstream, the shocked 
pulsar wind stalls and becomes partly confined. The shocked 
wind expands against the ISM, inflating the bubble to the 
observed approximately 30" diameter. 

4. IMPLICATIONS AND BOW SHOCK FLOW 

We turn now to the interpretation of the lack of X-ray flux 

from PSR 2224+65 and to the X-ray flux from the Guitar 

Nebula body. The nondetection of the pulsar is not surprising. 
At T f = 10 6 yr the expected surface temperature of approxi- 
mately 3 X 10 5 K from standard cooling models predicts a 


luminosity of approximately 6 X 10 30 ergs s' 1 and no signifi- 
cant HRI flux. Pulsars of similar age have been detected by 
ROSAT, e.g., PSR 1929+10 (Yancopoulos, Hamilton, & Hel- 
fand 1994) and PSR 0823+26 (Sun et al. 1993), but the 
emission from these nearby objects seems to be from a small 
heated polar cap; scaled to the distance of PSR 2224+65 the 
polar cap flux of PSR 1929+10 would contribute less than 1 
count in our exposure. 

The two plausible sources of the nebular X-ray emission are 
the shocked pulsar wind and the postshock ISM. In contrast to 
the bow shocks around the slower pulsars PSR 1957+20 and 
PSR J0437— 4715, the large pulsar velocity here gives high T 
values in the shocked ISM gas; at the apex of the bow wave, 
the postshock ISM temperature is 3 X 10 7 t/ kfK K. However, the 
small working surface resulting from the small r 0 value means 
that the shock luminosity near the guitar nose is only ~7rripVr/ 
(2-8) x 10 29 nl{ 2 dl pc ergs s' 1 . Moreover, for a typical ISM 
abundance and cooling rate A, the characteristic cooling time 
3&7Y(8/7 H A) ~ 8 X IO'tih 1 s is quite long, so little thermal 
emission is expected before adiabatic losses in the postshock 
flow become significant. The absence of efficient cooling is 
supported by the Balmer-dominated nebular spectrum at the 
apex (CRL), which indicates that the shock is nonradiative 
(Chevalier et al. 1980). Along the body of the guitar, the 
continued expansion of the partly confined pulsar wind drives 
shock waves into the surrounding medium at J> ~ 1 .5 X 
10 7 4 P c cm s' 1 . The implied shock luminosity along the guitar 
body is L sh ~ 2 X 10 3 t/L. n ti ergs s' 1 , with a postshock tem- 
perature of about 4 X 10 <7 kpc K. Although the cooling time for 
c/ kpc ~ 1 is comparable to the flow time through the nebula (so 
that we might expect some thermal emission from the tail of 
the guitar), the effective temperature is too low to produce the 
observed HRI count rate. Even if the distance to PSR 
2224 + 65 is as large as 2 kpc, prospects for thermal emission 
from the nebula are not much better. With T sh = 1.6 X 10 fi K 
our observed HRI counts imply a thermal luminosity at 2 kpc 
of 8 X 10 32 ergs s” 1 for N ix = 10 21 cm* 2 and a Raymond-Smith 
thermal spectrum. However, at these temperatures the cooling 
time is about 3 x lO’+rfi 1 s, so that radiation in the postshock 
flow is inefficient. Thus, unless d kfK and n u are large, N u is small, 
and the cooling rate is significantly enhanced, thermal emis- 
sion cannot account for the observed HRI flux. 

A more promising source is postshock synchrotron cooling 
of the relativistic pulsar wind. In the ram pressure balance 
region of the bow wave, the energy dissipated in this shocked 
wind is larger than that in the shocked ISM by c/v r ~ 300. 
Observations of the Crab nebula plerion suggest that the 
pulsar wind is dominated by energetic e ± with y = 10 7 y 7 , y 1 ~ 
0.3. These electrons radiate in the postshock field of the pulsar 
wind, B s = 2 X 10 \r u /r). Kulkarni et al. (1992) were able to 
use the X-ray flux from the millisecond pulsar PSR 1957+20 
to limit the fraction of the pulsar spin-down in e ± with y 7 ~ 
0.01 and y 7 ~ 10, assuming synchrotron emission at the com- 
panion shock and at the bow shock, respectively. With its 
larger field and high velocity, the soft X-ray flux of PSR 
2224+65 is most sensitive to intermediate electron energies, 
similar to those in the Crab Nebula. Including the r 1 depen- 
dence of the pulsar wind B we find that the synchrotron 
spectrum in the shocked wind has a peak energy E c « 
3.5(r 0 /r)y 2 keV, so that closer than r max ~ 15y?r 0 the charges 
will radiate in the ROS>17band. 

We expect the shocked pulsar wind to have a mildly 
relativistic backflow' in the bow shock, with a characteristic 
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flow time at a distance r from the pulsar of r fl ~ 3 r/c. This is 
shorter than the synchrotron cooling time under these condi- 
tions, so that the efficiency is small, tj ~ r n /T sy ~ 3 X 
10 ■(r {) /r)y 7 . When the peak energy is well above the ROSAT 
threshold the observed flux will decrease somewhat; since the 
synchrotron emissivity at energy E scales approximately as E l/3 
exp (-E/E,.), the fraction of the radiation in the EOSyl'T band 
has the weak dependence (0.3 keV/E c ) l/3 ~ 0.4(r/r u ) ,/3 y7 2/3 . 
Thus, if a fraction f y of the spin-down energy is carried off by 
charges of Lorcntz factor y, then including the cooling effi- 
ciency and the fraction of the spectrum in the ROSAT band, 
we get an observed X-ray luminosity from the wind shock 
within position angle of 


12/3 


L x ~ \0 %E(1 - cos <j>) 


K< M 




where r($) is determined from equation (2). Thus, the emission 
should be concentrated toward the bow shock apex. Because the 
wind cannot cool effectively before the relativistic backflow car- f 
ries it toward the body of the guitar, the total luminosity is small. 
With an a = 2 spectrum and AJ, = 10 21 cm 2 at 1 kpc, we expect 
2 counts from the shocked pulsar wind at the apex of the flow. 

Above we have assumed that the field in the pulsar wind 
itself dominates B in the postshock region and that the flow is 
not confined. However, it appears that the pulsar wind is partly 
confined in the nebula. In addition, turbulence in the shocked 
pulsar wind may increase B up to equipartition values. At 
the shock apex B cq <sc B „ so that our previous estimates 
hold. However, about 30r u (~L) behind the pulsar the ram 
pressure associated with the sideways expansion of the guitar 
body at 1.5 X 1 0 7 c/ kpc cm s' 1 begins to exceed B 2 /4tt in the 
shocked pulsar wind. Thus, as the neck of the Guitar Nebula 
merges into the body we expect that an equipartition field 
can reach B eq ~ 8 X 10 *d^ pc nl{ 2 G. The characteristic en- 
ergy in this field E c ~ 0.1 5y 2 keV is large enough to 
contribute significant ROSAT emission. More importantly, if 
the shocked wind is partly confined in this region, we expect 
Tji ~ r/v p ~ 5 x 10* s. For = 1 we get a synchrotron 
cooling time T sy ~ 9 X lO^yy 1 s and about 30% of the shock 
energy radiated in the ROSAT band for y 7 = 1. This gives an 
observed X-ray flux 0.3£/ y T fl /T sy . Thus, to produce the ob- 
served X-rays, we require f y ~ 0.1 in y 7 > 1 particles. With 
the increased B cq inferred at 2 kpc, cooling is even more 
efficient, and we again infer f y & 0.1. 


5. CONCLUSIONS 

The X-ray emission observed from the bow shock created 
by PSR 2224 + 65 represents approximately 0.02dl pc /I 45 of its 
spin-down power. Although the large velocity of the pulsar 
ensures that gas is heated to X-ray emitting temperatures 
near the bow wave, the cooling in the postshock ISM flow is 
inefficient. Little of the observed flux can be contributed by 
the shocked ISM. The location of the X-ray emission 
significantly downstream from the pulsars suggests that the 
most likely source of the flux is the shocked pulsar wind. 
However, to account for the observed flux we require this 
wind to be partly confined in the Guitar Nebula body and 
that turbulence in the shocked wind flow can amplify the 
magnetic field to near-equipartition vales. If these condi- 
tions apply, then the observed flux implies that more than 
0. 1 of the pulsar spin-down power is being emitted in e ± with 
y ~ 10 7 . Our data then support the idea that a pair plasma 
with y ~ KT-IO 7 is a dominant component of the pulsar 
wind for normal nonrecycled pulsars. Such a wind is in 
reasonable accord with models of pulsar magnetosphere 
acceleration, but the pairs may also be accelerated in the 
postshock region itself. In contrast, the conditions inferred 
for the soft X-ray emission from the shock of PSR 1929+10 
by Wang et al. (1993) suggest that y> 10* pairs are 
responsible for the PSPC photons; it is perhaps significant 
that the flux from these pairs represents only 10“ 4 of the 
spin-down luminosity of PSR 1929+10. 

A more complete description of thermal and nonthermal 
emission in the Guitar Nebula will require detailed hydrody- 
namic models of the backflow in the postshock region. For 
example, Raga, Cabrit, & Canuto (1995) find that there is 
mixing of the shocked fluids in a bow shock flow. While the 
presence of the relativistic pulsar wind means that their sums 
are not directly applicable to PSR 2224 + 65, such mixing could 
affect the estimates of cooling time in the postshock flow. Such 
modeling coupled with future high throughput X-ray observa- 
tions could give important constraints on the pulsar wind in 
this unique system. 

This work was supported in part by NASA grants NAG 
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Fig. 1 .—Top: Ha image of the Guitar Nebula, showing our shaped aperture. Bottom : Aperture over central portion of the smoothed HRT count map. 
Romani, Cordfs, & Yadigaroglu (sec 484, L138) 
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